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Introduction: 29
Contamination of food, water, medicine and ingestible household consumer products is a 30 public health hazard that episodically causes thousands of deaths, and each year sickens millions 31 worldwide. 1, 2 For example, lower-cost ethylene glycol (EG) and diethylene glycol (DEG) have 32 been substituted for the non-toxic glycerol, propylene glycol and polyethylene glycol, which are 33 often used in medicines, household products, and foods. 3, 4 Ingestion of even a small amount of 34 EG or DEG can result in central nervous system depression, cardiopulmonary compromise, and 35 kidney failure. 5, 6, 7, 8 A longstanding problem that led to the 1938 Food, Drug and Cosmetic Act, 36 establishing the modern drug-approval process within the United States Food and Drug 37 Administration (FDA).
9
DEG contamination still remains a serious hazard today. 3 In the last 15 38 years, episodes of DEG poisoning have killed hundreds particularly in developing countries.
10-39 21, 5, 8, 9 In addition to chemical poisoning, contamination of food and water by microbes such as E. 40
coli and E. salmonella in food 2, [22] [23] [24] [25] or V. cholera in water 26, 27 sickens millions (see SOM for 41 recent contamination data). 42
Existing laboratory methods to detect many common relevant chemicals and pathogens (such 43 as GC, MS, optical spectroscopy or electrochemistry 5, 31, [33] [34] [35] [36] ) require specialized scientific 44 equipment, a stable laboratory environment, a continuous refrigeration chain for reagents or 45 antibodies, and/or specially trained staff [28] [29] [30] [31] [32] [33] , all of which are expensive and generally preclude 46 their use at the location of an outbreak or natural disaster 34 . Any detector for field use should rely 47 on a simpler, more mechanically robust technology. There has thus been an effort to develop 48 field-deployable diagnostic technologies (e.g. microfluidic, nanotechnology or surface plasmon 49 resonance methods) that can be used outside a stable laboratory environment. For the past 7 50 years, this has lead to numerous publications about early stage technologies 33 . However, many of 51 these technologies lack robustness, ease-of-use in the field and are usable for a single disease 52 application only. 33 
53
Here we introduce robust chemical methods and a simple instrument to rapidly quantify a wide 54 range of chemical and microbial contaminations. We employed far-field optical detection, which 55 is particularly practical because it does not require physical contact with the sample. Instead of 56 using a commercial spectrophotometer, we developed a low-cost detection device to perform our 57 tests (see SOM). The device achieves robustness and high sensitivity by concurrently detecting 58 UV absorption and fluorescence. The use of an optical readout allows it to be applicable for the 59 detection of a range of analytes. In this paper, we focus on the enzyme-and dye-based methods 60 to quantify the concentration of several chemical contaminants and microbial pathogens in a 61 wide range of household products, medicines, foods and blood components. 62
We developed or procured assays for detecting different poisons shown in Table 1 . These have 63 been known to appear at all levels above those deemed safe by the U.S. FDA and the European 64
Community.
Enzyme and pH Optimization 120
To screen different alcohol dehydrogenases for their specificity in reacting with DEG we 121 measured the fluorescence product in a plate reader (Molecular Devices) from our assay on 5.4 122 wt% EG samples in cough syrup and in glycerol, respectively. Pure buffer with one enzyme 123 (USB) was used as a control. The "relative interference" of each enzyme was measured by 124 dividing the initial fluorescence and UV reaction gradient of each sample by the control. The pH 125 of the assay solution was optimized by varying the buffer pH from 6 to 9 and choosing the pH 126 that gives the highest signal-to-noise ratio. The use of NADH oxidase instead of NADH 127 peroxidase made the assay unstable, as NADH oxidase solution decays within minutes at room 128 temperature (see SOM for more detailed methods). 129 E. Coli, Salmonella and Cholera bacteria in foods and water 130
We grew cultures of E. Coli (strain: DH5alpha), E. Salmonella (strain: LT2 Delta PhoP/Q S 131 typhi) and Vibrio Cholera (strain: VC O395NT). Bacteria were stained with 2.5 μM Syto 85 132 (Invitrogen Cat. No. S11366) in deionized water for 3-30 minutes at 250 rpm and 30 °C in the 133 dark; the resulting solutions of stained bacteria are referred to as samples I. The concentration of 134 bacteria in each solution I was measured using the absorption value at 600 nm (Nanodrop 2000) . 135
We also stained samples of water (J), milk (K) and egg whites (L) with 2.5 μM Syto 85. Water 136 (J) and milk (K) samples were stained directly as described above. Egg whites (L) were first 137 diluted at a volume ratio 1:1 with deionized water, then vortexed and filtered with a 100 μm filter 138 (BD). The filtrate was centrifuged at 4300 rpm for five minutes and the pellet was reconstituted 139 with water at the same volume of the original egg white sample (L). We now prepared mixtures 140 M using our detectors, 360 µl of a stained sample mixture M were placed in a round 6.50 mm 143 glass tube (Durham Culture Tubes 6.50). All volumes were confirmed by weighing the samples 144 (Mettler Toledo). A negative, buffer-only control was run in parallel and measured in the 145 detectors. For Sytox Orange staining, cells were lysed using CelLytic (Sigma Aldrich) reagents 146 and stained with 0.1 μM Sytox Orange (Invitrogen Cat. No. S-34861) in TE-buffer for 5 minutes. 147
Further protocols are described in the SOM, particularly those used for the dye optimization 148 procedure. 149
Yeast in red blood cells (Malaria model) 150
Baker's yeast (2.86 Mio yeast cells/ml in distilled water) was stained with 5 μM Syto 85 151 (Invitrogen Cat. No. S11366) in deionized water for 5-60 minutes in the dark. After 152 centrifugation, the bacteria were reconstituted with an equi-volume amount of water in 0.5 g/ml 153 sucrose (yielding solution N). The concentration of bacteria of the resulting solution, N, was 154 measured using the absorption value at 600 nm (Nanodrop 2000). The same procedure was used 155 to stain 2.86 Mio cells/ml bovine red blood cells (Lampire Biologicals #7240807) in sucrose-156 water, yielding stained solution O. After cell staining, mixtures P containing the components N 157 and O at different mass fractions were prepared utilizing a scale (Mettler Toledo). For the 158 measurement in our device, 360 µl of a stained sample mixture P (prepared above) was placed in 159 a round 6.50 mm glass tube (Durham Culture Tubes 6.50). The volumes were confirmed by 160 weighing the samples (Mettler Toledo). A negative, buffer-only control was run in parallel. For 161 Sytox Orange staining, cells were lysed using CelLytic (Sigma Aldrich) reagents (see SOM) and 162 stained with 0.1 μM Sytox Orange We illuminated the EG sample with the UV LED and measured the intensity change after the UV 174 light had passed through the liquid EG sample, using a semiconductor light-to-voltage detector, 175 as shown in the schematic in Fig. 1B . To determine c ε , the mass fraction (concentration) of EG, 176
we added a solution of ADH to the sample, inserted the sample into the sample chamber, and 177 recorded the voltage V ua (t, c ε ) measured by the UV absorption detector once per second for five 178 minutes (see SOM and Materials and Methods). For pure EG (c ε = 1), the V ua (t, c ε ) data fall on a 179 straight line when plotted on a log-log plot, demonstrating a power-law behavior, as shown by 180 the black circles in Fig. 3A . Because the test tube has a circular cross section and the LED has a 181 distribution of illumination angles, a single path-length was not well defined. Therefore, we 182 could not rely on a simple Beer's Law calculation for the absolute absorbance. Instead, we 183 calibrated the device with samples of known c ε in water, from the FDA safety limit of c ε = 10 In all cases we observed lines on the log-log plot, V ua (t, c  ) ~ t -γ (cε) , as shown with 185 colored symbols in Fig. 3A . The power-law exponent magnitudes γ(c ε ) monotonically increased 186 with c ε , as shown with the blue circles in Fig. 3B in water, subtle differences in structure could have a greater impact in their relative sensitivity to 199 EG in the presence of other glycols. We expected this sensitivity to be even more relevant for 200 DEG (see below), as it is less reactive than EG due to its longer carbon chain. We hypothesized 201 that we could screen the relative interference from glycols in different ADHs. This would allow 202 us to pick the ADH with the least interference from glycols compared with DEG. To investigate 203 the effects of these differences, we screened five different ADH variants for interference by 204 mixing DEG with glycerol, and separately with a mixture containing polyethylene glycol. We 205 then compared the results of the DEG assay described below to the same concentration of DEG 206 in water (see Table 8 in SOM). For our assay we selected the particular ADH variant 207 (USB/Affymetrix) that exhibited the least interference, and we used it in all subsequent 208 measurements. 209
Using the optimized ADH reaction we detected EG in real-world scenarios, namely household 210 products containing glycols (see Figure 3b ). We measured samples with different c ε in a varietypoisonings that resulted in fatalities: toothpaste, cough syrup, acetaminophen/paracetamol syrup 213 and antihistamine (allergy) syrup 10 . We chose several name brands and generics of each type, to 214 assure a broad sampling, and repeated the measurements in the same way as for water. Using the 215 optimized ADH assay we found that the γ(c ε ) increases monotonically with c ε , as in the pure case 216 shown in Fig. 3A . We also observed that the numerical values of γ(c ε ) remain consistent 217 irrespective of the product tested, as shown with colored symbols in Fig. 3B . Each data point is 218 the result of a single measurement. We observed that all data from all products collapse onto a 219 single master curve (with a standard error of 2.58 %), which we indicate with a black line in the 220 figure. By optimizing the ADH enzyme variants we removed any interference from other glycols 221 normally present in the products. This enabled us to achieve universal scaling, with no free 222 fitting parameters, for all products. Our enzyme method can quantify c ε at all unsafe levels above 223 the FDA limit of 0.1 wt%, in all real products involved in historical contamination incidents. Our 224 results furthermore suggest that the method could work well even in products where EG 225 contamination has not yet been observed. 226 227 Diethylene Glycol: 228 Like EG, DEG poisoning has also killed thousands.
4-21
We therefore repeated the ADH 229 measurements for different DEG concentrations c δ in water, expecting it to be less reactive 230 because of the longer carbon chain of DEG compared to EG. Experimentally, we observed DEG 231 to have significantly lower ADH activity, so that we could not distinguish low concentrations of 232 DEG with this simple UV absorption assay alone. We therefore decided to amplify the DEG 233 reaction products by adding enzymatic steps involving fluorescence-based dyes. Fluorescent12 ADH reaction, we hence reacted the NADH product with NADH peroxidase and FAD, which 236 generates free radicals that, in the presence of horseradish peroxidase, converts an essentially 237 non-fluorescent resazurin-based dye into a resorufin-based fluorophore 38 , as shown in Fig. 1B . 238
However, the pH for maximum activity differs significantly for the different components in the 239 reaction chain: ADH is most active at pH≥8; NADH peroxidase, pH=5; HRP, pH=6-6.5; NAD 240 and FAD, pH=7. It was therefore not obvious that these particular steps could be coupled at a 241 single fixed pH, and still result in detectable fluorophore generation. We investigated this 242 possibility by running the complete reaction chain under a variety of pH conditions ( Figure 5a ). 243
We found the greatest amount of activity at pH=7.8, which we used for all subsequent 244 measurements. We used NADH peroxidase, rather than NADH oxidase, as the latter solution is 245 unstable and decays within minutes at room temperature (see SOM). 246
Under the optimized assay conditions, a c δ = 1 sample produced a visible red color change in a 247 few minutes while a c δ = 0 did not. This result demonstrated, at least qualitatively, the success of 248 the reaction chain in the presence of DEG. 249
To more precisely quantify the progress of this reaction, we added a green LED spaced 60° 250 from the UV LED for excitation, and two additional light detectors, using differently-colored 251 theater gel plastic to filter the green absorption and red fluorescence, placed at 180° and 60°, 252 respectively, relative to the green LED. The round geometry of the sample chamber, as well as 253 offsetting the UV and fluorescence LED activation made this addition possible, without 254 interfering with the existing UV detection scheme. We could thus measure absorption and 255 fluorescence with two excitation wavelengths-which is not possible with a common square 256 cuvette geometry traditionally found in laboratory fluorometers and spectrophotometers.
To measure c δ in water, we mixed the enzymes and dye into the sample, and immediately 258 collected voltage data over time from the green and red fluorescence detector, V gf (t, c δ ). As the 259 reaction proceeded, the increase in fluorescence was manifested as an increase in V gf (t, c δ ). 260
These data fall onto a straight line when plotted on a semi-log plot, demonstrating the 261 exponential functional form V gf (t, c δ ) ~ e ν(cδ)t as shown in Fig. 4A . We found that the slope of 262 this line, ν(c δ ), increases monotonically with c δ . However, our reaction involves the coupling of 263 three enzymes and a dye, all of which may have slight variations in activity due to environmental 264 factors, which could significantly influence ν(c δ ). To account for these variations, we utilized the 265 second, identical sample chamber of the sensor to simultaneously run a 100% DEG sample as a 266 standard reference. Using ν δ 1 ≡ ν(c δ = 1), as a normalization constant, we used the normalized 267 ν′(c δ ) = ν (c δ )/ν 1 δ to account partially for the effects of variation in total enzyme activity. 268
Furthermore, while collecting V gf (t,c δ ), the device also collected V ua (t,c δ ) automatically. This UV 269 data should be sensitive only to the activity of the ADH. Therefore, we calculated the quantity 270 γ′(c δ ) ≡ γ(c δ )/γ(c δ = 1), which provides a correction for the variations in absolute ADH activity. 271
Combining the fitted data from the UV-and green-illuminated channels, we observed that 272 ν′(c δ )γ′(c δ ) rises monotonically with c δ for DEG in water at all c δ >0.001, the FDA safety limit, as 273 shown in Fig. 4B . Each data point in Fig. 4B is the result of at least three independent runs, 274 whose percentage errors decrease with increasing c δ . The percentage errors are on average 10%, 275 and as low as 3.1% for c δ = 0.25. As in the EG case, we repeated the measurements for DEG in 276 various household products: once again, we found that the data for some products collapse onto a 277 single curve, though with slightly more scatter than in the EG case, as shown in Fig. 4B . The 278 scatter at each data point decreases from 33% to 1.5% as c δ increases from 0.001 to 1. These datademonstrate our ability to detect DEG, just as for EG, in several ingestible household products 280 and medicines. 281
The ability to detect these contaminants in remote areas would be greatly enhanced if the 282 chemistry were stable without refrigeration. Indeed, the enzymes and dyes we used are packaged 283 in dry, lyophilized form, and can be shipped overnight without temperature control. How long 284 the activities of these components remain consistent, however, is not well characterized. To test 285 the longer-term stability of our assays, we created large samples with c δ = 0.10 and c ε = 0.10, and 286 over the course of several weeks, left all samples, and lyophilized enzymes and dyes at room 287 temperature, without any temperature control. For each measurement, we made a new enzyme 288 solution, and ran the EG and DEG assays. Strikingly, in all cases, the absolute variation in the 289 measured glycol concentrations was less than ±1%, even as the enzymes were at room 290 temperature for more than three weeks, as shown in Fig. 5B . These data demonstrate that our 291 approach to normalizing variations by a combination of LED output stabilization, calibration 292 with reference samples at known concentrations, and combining data from multiple channels, 293 allowed us to eliminate any changes in enzyme activity within our measurement uncertainty. 294 Consequently, our device and chemistry are accurate without requiring a continuous chain of 295 refrigeration (which, for example, is required for immunoassays and other sensitive 296 biochemistry) or other infrastructure, and therefore may be suitable for deployment in disaster 297 areas. 298 299
Alcohols: 300
We used ADH to detect glycols that have multiple hydroxyl groups; however, the enzyme 301 originally evolved to convert simple alcohols, with a single hydroxyl group. ADH reacts farfaster with alcohols, and suggests our assay might detect alcohols at far lower concentrations c α . 303
To test this hypothesis, we ran our assay on several alcohols mixed with buffer, including 304 ethanol, 1-propanol, 2-propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol and 1-octanol. As 305 for the DEG measurement, we calculated γ′ and ν′ from the UV-and green-illuminated channels, 306 but used c α =0.01 as the reference concentration for each alcohol (instead of c δ = 1, in the case of 307 DEG). Each data point is the result of at least three independent runs. We observed that the 308 γ′(c α )ν′(c α ) data for all primary alcohols collapse onto a single master curve, for all c α above the 309 part-per-billion (ppb) level, as shown in Fig. 6A . The average percentage error between different 310 alcohols at a certain concentration is as low as 7.5% at c α = 0.001. Furthermore, for c α = 0.01, the 311 γ′(0.01)ν′(0.01) data for primary alcohols decreases monotonically with the alcohol carbon 312 number, and is nearly linear within the range of 3 (propanol) to 7 (hexanol) carbons (Fig. 6B) . 313
These data demonstrate how our device and chemistry may provide an extremely sensitive probe 314 for the presence of alcohols, and for some primary alcohols, allow them to be identified when 315 concentration is known. For example, this test could be used to detect alcohol in groundwater, 316 which is a sign of gasoline spills or leaks. In addition, we repeated the measurement of ethanol in 317 blood serum, as a way to measure blood alcohol content, shown with hexagons in Fig. 6A . Each 318 data point in Fig. 6 is the result of at least three independent runs. These data overlap the other 319 alcohols exactly for γ′(c α > 10
−6
). We can therefore quantify accurately the c α for ethanol in 320 blood serum two orders of magnitude below the standard drunk-driving limits of c α =2 to 8×10 . 321
This method may provide another avenue for rapid, low-cost blood-alcohol measurement in the 322 field, with substantially greater accuracy than breath-based tests. 323
Food and Environmental Pathogens: 325
The ability to detect transmission and fluorescence from two excitation wavelengths 326 simultaneously allows us to detect a broad range of other chemical reactions or interactions that 327 generate a change in optical activity. For example, we could detect DNA with low-cost 328 intercalator dyes, known to be stable at room temperature for months. This suggested a new use 329 for our system, the detection of microbial DNA, which implies the presence of its host organism, 330
in materials where no DNA should be found, such as recreational water and many foods, where 331 contamination has lead to lethal epidemics. To test our ability to detect such microbial 332 contamination, we mixed different microbial concentrations c μ of V. cholera, Salmonella and E. 333 coli bacteria in water, added a DNA intercalator dye, removed free dye, and then measured the 334 final, static green-red fluorescence intensity ) , ( ) (
. The total preparation and 335 measurement time was only a few minutes. In both cases, we found that ) (  c V gf  rises with c μ > 336 10 5 CFU/ml (CFU = colony forming units), with a readily discernible detection limit of 10 6 337 CFU/ml (based on Kaiser's criterion, see SOM). Our minimum-detectable c μ is comparable to 338 total organism concentrations detected in several historical epidemics. 39, 40 Furthermore, we 339 tested the concentration of pathogens in pond water (Bow, New Hampshire) and measured a 340 baseline activity indistinguishable from background levels in doubly distilled water. These data 341 demonstrate the utility of our method to potentially preventing recreational water epidemics, 342 where fast turnaround times may be desirable. Even though the methods introduced here can 343 detect bacteria at concentrations found in several historical epidemics 39, 40 , lower detection limits 344 may be desirable since the presence of as low as 10 cells of Salmonella or E. coli O157:H7 may 345 be an infectious dose 41 . The EPA recommendation for recreational waters is around 1 CFU/ml 42 , 346 even though higher detection limits may be acceptable, especially where fast turn-around timesare needed. To increase detection sensitivity we optimized the fluorescent dyes and used lysed 348 cells rather than whole cells, where the DNA is expected to be more accessible to the dyes. As 349 shown in Figure 8 we achieved a readily discernible detection limit of c μ = 10 4 CFU/ml (based on 350
Kaiser's criterion), by lysing the cells and using the DNA dye Sytox Orange rather than Syto 85. 351
Sytox Orange was chosen, as it is compatible to the current optical setup of the device. Further 352 optimization of dyes and lysis conditions could improve this detection limit even more (see SOM 353 part G). 354
Another major area where DNA should not be present is in foods that do not contain cellular 355 tissue from animals or plants. Many of these, such as milk and eggs, have been involved in 356 massive food poisoning outbreaks when contaminated by bacteria such as E. coli or E. 357 Salmonella.
22,25
Unlike drinking water, however, these complex biological materials contain 358 other components with the potential to interfere with the DNA intercalator dyes. To test our 359 ability to quantify microbial contamination in these materials, we repeated the above procedure 360 with E. coli in milk, and E. salmonella in egg white, combinations that have caused lethal food 361 poisoning in the past. Once again, in both cases, ) (  c V gf  rose with c μ . However, the curves of 362
for the four bacterial data sets did not overlap on the same curve, possibly due to 363 differences in auto fluorescence of the materials and foods. With a traditional fluorometer, little 364 could be done without further sample modifications. The multichannel design of our detector, 365 however, gave us a number of additional options, since we also collected automatically the final, 366
We searched for 367 combinations of channel metrics for which all four bacteria collapsed onto the same master
, as shown in Fig. 7A . Again, using Syto 85 we found that 370
rises with c μ > 10 5 CFU/ml, with a readily discernible detection limit 371 of 10 6 CFU/ml (Kaiser's criterion). Given the similar spectral characteristics, we expect that 372 using Sytox Orange would further reduce the detection limit to c μ ~ 10 4 CFU/ml as in the case of 373 pure bacteria shown in Figures 8 A and B . 374
These data demonstrate how our device can be used in a general way to measure microbial 375 concentration in substrates that should not contain DNA, irrespective of particular bacteria or 376 substrate. This is particularly important in foods and medicines, where a wide range of bacteria 377 are known to cause poisoning. 25, 26 We emphasize that our measurements were taken directly on 378 samples and require only a few minutes of dye exposure. Our results were unchanged while 379 varying dye incubation times from 3 to 30 minutes (see SOM), in contrast to the hours or days 380 required for culturing or PCR analysis hours under ideal conditions [43] [44] [45] [46] [47] . Other optical methods (e.g. SPR, IR, optical fibers etc.) may 384 achieve even lower detection limits, but often require several hours 43 and/ or cost around 2 orders 385 of magnitude more than the sensor described here 41, 48 . Traditional methods (such as cell culture, 386 PCR or ELISAs) have lower detection limits between 10 1 and 10 6 CFU/ml. However, they 387 require incubation of several hours (PCR 4-6 hrs) to days (culture methods up to 5-7 days), as 388 well as a stable laboratory environment often in combination with expensive equipment.
41
The 389 introduced detection scheme may therefore be used as a simple, low-cost first screen and line ofdefense for pathogen contamination in a range of consumer products, recreational water, 391 medicines and food products. which we chose because they are safe to handle and have a total genome size about half that of 401 plasmodium. We dyed yeast both in water, and mixed with red blood cells as a model for 402 malaria. After a brief incubation, we measured fluorescence and absorption, following the 403 protocol as for bacteria. As in the bacterial case, when using fluorescence or absorption alone, 404 different data sets scaled differently. In particular, the data for yeast in red blood cells did not 405 overlap that for yeast in water. We therefore combined the different parameters until we 406 achieved universal data collapse. We found that, when normalizing the green→red fluorescence 407 intensity by the cube of the green absorption,
, the data from both sets fall onto 408 the same curve-and at low concentrations asymptote to the baseline value we measure for red 409 blood cells alone, as shown in Fig. 7B . Again, using Syto 85 we found that with c μ at a detection limit of c μ > 8 ·10 5 Syto 85. We therefore stained pure, lysed yeast cells with Sytox Orange, where we achieved a 413 detection limit of c μ ~10 4 CFU/ml as for the tested bacteria (see Fig. 8b ). These preliminary data 414 demonstrate that the intercalator has no significant background interference from residual RNA 415 or ribosomal nucleotides in the red blood cells. Therefore, our method has the potential to 416 quantify rapidly in RBC suspensions the concentration of blood-borne DNA-bearing parasites, 417 such as plasmodium (malaria), trypanosoma (sleeping sickness and chagas) and the eggs of 418 trematodes (schistosomiasis). 419
In this paper, contaminants were detected directly in various substances, without separation, 420 purification, concentration or incubation. New enzyme-and dye-based methods to detect (di-421 )ethylene glycol in consumables above 0.1 wt% without interference and alcohols above 1 ppb 422 were introduced. Using DNA intercalating dyes a range of pathogens in water, foods and blood 423 were detected without background signal at a detection limit of 10 4 CFU/ml. The detection 424 scheme uses fluorescence and/or UV absorption measurements made on samples in a small 425 round test tube. Our simple system makes practical the multiple channels and samples that allow 426 us to normalize by references and combine data from different simultaneous measurements. The 427 individual channels within our detector have sensitivities comparable to commercial optical 428 laboratory instruments costing significantly more. In addition, contaminant concentrations we 429 measured did not change with background substrate, which demonstrates that our detection 430 methods are broadly effective in a wide variety of substances, and could apply in a general way 431 to new substances where contamination might not yet have been found. 432
We emphasize that we have but scratched the surface of this exciting area, and our preliminary 433 results can be improved and extended in many ways. We have examined a limited number 434 of contaminants, but our strategy should be applicable to any chemical reaction that in the 435 presence of a contaminant leads to a change in optical activity. For example, commercial kits are 436 available that use a fluorescence-generating reaction to detect melamine in milk products. 437
The effective detection sensitivity of our scheme could be improved by dye optimization, 438 concentration of microorganisms through mechanical methods such as filtering, or where time is 439 not a factor by incubation at elevated temperatures. The sensitivity could be further improved by 440 adding a third LED or by optimizing LEDs, filter specifications and excitation and emission 441 times to the specific dye used. Moreover, for bacterial detection, we chose a non-specific DNA 442 intercalator dye because of its extremely low cost and high stability, but as a result our assay is 443 insensitive to the actual genome being detected and the sensitivity is limited. In many situations, 444 where continuous refrigeration is available and cost pressure is not so severe, more specific 445 biochemical tagging (e.g. molecular beacons), DNA amplification (isothermal or PCR) or 446 immunoassays (e.g. antibodies, ELISAs) could be used to increase detection sensitivity and/ or to 447 detect the presence of specific, targeted pathogens. 448
Our chemistry is stable for weeks without refrigeration and the rapid detection time of our 449 assays allows testing of perishable foods and ingestible products, which often are not tested 450 because current culturing-based methods require multiple days. The device we created is also 451 robust and simple-to-use. In the future it could be run on batteries and a smart mobile-phone/ 452 tablet platform could be used to aggregate data for use in remote areas. One could also envisage 453 a device consisting of LEDs or a simple number readout that gives the end-user a simple yes or 454 no answer of whether the sample is contaminated (as indicated in Fig. 1) . 455
This new capability may have potential applications in much broader sampling of both 456 domestic and imported foods and agricultural products, enabling end-to-end characterization 
